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Heavy Ion Collisions

Au + Au NN-coll. gGPp Hadron ‘Freeze-Out”
Gas

» Dileptons and photons are penetrating probes

» Produced during all stages of collision

» Very small interaction cross section with QGP

» Contributions from many production mechanisms

* Yields sensitive to temperature and collective motion of
source
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Dielectrons in PHENIX

O

= min. bias Au+Au \|s,, = 200 GeV

- eDATA i mavyee | N ee Low mass:
28 lyl<035  ---e- n—-yee - P’ — ee o
10 p¢>0.2 GeVic ™ n—-yee 77T cC — ee (PYTHIA) I'GSOIlaIlCGS/ DalltZ decays
L p—>ee —— sum
. B ® oy —see & alee c§—> ee (random correlation)
e dmee oy G A Intermediate mass:

semi-leptonic heavy flavor

High mass:
resonances/hard processes

dN/dm,, (c®/GeV) IN PHENIX ACCEPTANCE
o

Strong enhancement of e+e- pairs at
low masses, factor of 4.7+0.45tt+1,5vst

TR R R

g +0.9model (m=0.2-0.7 GeV/c2).
e 1
©
a 10-1
L S Currently no theory successfully

explains this excess.
PRC 81, 034911 (2010)
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HBD Detector Concept

O

Windowless Cherenkov detector
GEM, CSI photo-cathode

Pure CF4: N, = 322 cm™

2.4% total radiation length.

NIM A646, 35 (2011)

Heavier meson decays have large A -- =)
opening anglgs. Dalitz decays and Open pair
conversions tightly peaked around
2m,.
Successfully operated: l |
‘e’ ing angle
2009 p+p data . . ) . = e’e’ opening ang
5010 Au+Au data Pos§1b1e to identify e+e- frf)m T Sro00]. SIMULATION
Dalitz de.cays and conversions by no->etey p->ete
2} et the opening angle. 6000~
Csl (350 nm) 4000
GEMs 2000
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First Dilepton Results with HBD

PHENIX Preliminary
p+p (2009) ¥s = 200 GeV
® DATA
Iy*l <0.35
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Signal/Background

Higher Statistics than 2005 data.
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Excellent agreement between data and
cocktail.

Baseline for Au+Au analysis, provides

testing ground for understanding the
HBD.

Fully consistent with published result
PR C81, 034911 (2010)
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Dilepton Results in AuAu

pary
<,
)

dN/dm,, (c%GeV) in PHENIX acceptance

data/cocktail

3
o

=

Au+Au VSNN =200GeV

60-92% centrallty
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Dielectron Spectrum for 3 centrality classes: 60-92%, 40-60%, 20-40%
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Au+Au Comparison

< F
> [ AusAu 5, =200GeV 2004 R
S I ~— ° un
o T PHTENIX
I C preliminary e 2010 Run
v [
3 3—
E -
v C
w [
s 2
T F
£ f
8 | 3 s | e
8
w —
a PR B P R
00 50 100 N150
part
S of
> | AutAu\s,, =200GeV 2004 R
IS —— ° un
@ b PH:<ENIX
v 8- preliminary e 2010 run
s I
E -
v -
N g
8 2
8 [
g0
L L L L | L L L | L L L L
% 50 100 150
Npm

Sky Rolnick UC Riverside

8 T L T T T 4
s - e Data ]
B10° v = 200GeV +— cocktail _
8 centrality +— a%>y e'e E
=< 2>0.2 GeV/o | — N>y ete 3
=102 L |- p>ete
il -NIX 1 o>y e'e &nlete 3
o hary o >y e¥e” 3
£ + - —
= f—— ¢->y e'e &nete
S0 | s anee
£ {--- cc>ete (MC@NLO) T
IR )71 (P - bb->e*e” (MC@NLO) |
581 3
3 3
10° -
10°® _§I

Semi-central

data/cocktail
N A O

Fa

7
m,. [GeV/c?]

PHENIX
Run 4 (20-40%)

PHENIX
Run 10 (20-40%)
(preliminary)

Data/Cocktail (value = stat % sys)
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1.4+ 0.3+ 0.4

1.98 £+ 0.3+ 0.9
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What are Direct Photons?

O

» Direct photons are anything not considered hadron decay photons.

yDirect _ yAll . )/
» There are several sources of direct photons. Each carrying specific
information about the medium.

Decay

Turbide, Rapp, Gale,

dNDirect derompt dNQGP dNHG Phyi.)1ReV. C 69 (014903), 2(?04
> Y ( M, b) =F + + F ;’ + F 3V + ... (\-.; oo} Central Au+Au (s'*=200AGeV)
d pTdy d P d p d P 8 100 } <N,,>=800
= 0 ! ly|<0.35
o
m_o 10° }
q Y q Y q T Y w v 2- 10™ 1
O 5| = Hadronaas
wl | ——— QGP (T=370MeV)
10° | initial pQCD (pp)
—SUM
9 q q g q P n n P 0 1 2 3 4
p; [GeV]

» Azimuthal anisotropy of direct photons should allow us to extract these
different components.
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Direct Photon Measurement methods

O

2007

PHENIX Detector

PC3
TEC

3 techniques at PHENIX
o Measure photons that directly deposit
energy into the EMCal

= Statistically subtract hadron decay y from
inclusive y

= Works best at higher momentum
pT>5GeV/c
o Measure virtual photons that internally
convert into e*e” pairs

= Yield of virtual photons is related to real
photon production

= Allows a clean low p; measurement
pT<5GeV/c
o Measure real photons that externally
convert in material into e*e” pairs

= Complementary to virtual photon method

Central

West Beam View East

« Large background from hadron decays makes analysis difficult

Sky Rolnick UC Riverside 11 2/6/13




[ ] [ ] [ ] 1
Measuring Photons in Au+Au using EMCa
Excess above unity indicates signal Direct photons by subtracting

I — S inclusive photons
T era) [memec ~ \
5E- u+Au, 0-92% < S directy p_spectra
TE s B 8 é g 3 0 ﬁh [Si=200 GeVv
21 ? ann! /0 80O Zv% 105 [ ] e p+p
o B PRL 109, 152302 (2012) |S|g .= B oy o0t
o 15 Eb)  [Swn=200GeV N 9, 152302 ( ) lx 10°Ea Au+Au
E Au+Au, 0-5% . . . -92%
s Little/no suppression of photons in o
6E i 5 Q @ 0-5%x 107
; = M central Au+Au W 5-10%x 3102
- 5 | | | | | I S8 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ = A 10-15% x 102
o, S ) (Sw=200 GeV o 16 E— (Suy=200 GeV = ¥ 15-20%x 3-10°
25 = Au+Au, 60-92% - }:g £ AusAu, 0-92% . % = " ;
D T S e B A ol
°~51 é S E;‘Z ;E (a) E 5 40-50% x 10*
0= 7% "3 90 iz 4 < = * | | | | 1 ——t 3 A 50-60% x 3-10°
g_“qig = S=200 GeV } —= 5 60-92% x 10°
14 E- Au+Au, 0-5% —
= 12E- ’ — | . , , ,
g 08 S eotets,0 ¢ : FE T ‘ Ralo (0-5%; ‘
inclusive / 0 5 06 = % e PbGICombined
E o2 (b) % = —=— PbSc/Combined
R = ydata data m:(‘mé st‘ 200 GLV | ‘ ‘ ‘ ‘ ‘ ‘ e 8 o 1‘0 20 30 40 50
1.6 NN~ =
Y ,ydecay / .77]0 T 1S A cos : = p, (GeVic)
me [ The | g R b I
S 0ic = inclusi
oz (©) = (1 _ 1 / R inclusive
2 4 6 8 10 12 14 16 18 ZOpT (GZGZV/C) ‘y )y
More details in Sasha
Bazilevsky talk
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Relation between Real and Virtual Photons

O

Kroll-Wada Formula

e+
2 2 2 dN
d’N,, 20 1 | 4m] (1+ 2m6)S(m,q) .

~ 1
€ dmeede 3” mee mie m2 de

ee

M@*=0) & 7 MQ'=nt) & 7 As m,/p, =0 ,then

d°N,, 2a 1 dN,
dm,dp, 3m m,, dp,

» Processes which produce real photons can also produce virtual photons
which materialize as electron pairs.

» Real photon production can be determined from the excess electron
pairs.

Sky Rolnick UC Riverside 13 2/6/13




Enhancement of almost real photon

O

pp _Au+Au (MB) PP

10" * Good agreement of p+p data and

210° c:

H () pHp ; : Pr : g gex H (b) Au+Au (Min Bias) hadronic decay cocktail

& 4l pT e s 2 ° 1

x10 3<p.<4Gev | =" Small. excess in p+p at large m_,
g g and high p

S10° S10° Aut+Au

4 ¢ .

T T * Clear enhancement visible above

e'e’

n® mass for all py

0_0 e -4
510 510
r4 4
© ©
107 10°
10° 10°E
1.9IIII|IIII|IIII|IIII|IIII|IIII 10.7IIII|IIII|IIII|IIII|IIII|IIII
0 005 01 015 02 025 0.3 0 005 01 015 02 025 03
m,... (GeVic?) m,... (GeVic?)

PRL 104, 132301 (2010)
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Extracting the Fraction of Direct Photons

O

" * Measure low mass, high
S Au+Au (Min. Bias) 1.0<p_<1.5 GeVic momentum dileptons
?,- cocktail components far(m) . . . .
8 ol e f(m ) » Kinematic region of e"e” pairs
=107y n oy .
2 E —a — (L0fm g, m,) m<300 MeV and 1<p,<5 GeV/c
- S N - r=0.189+0.0213 o
EIP N J2INDF = 12.2/6 » Analyze above 11° mass to remove
S E . N 90% of hadron background
'1‘9_,404 3  Fit mass distribution with a two-
£ E component function
z T . . :
o i |  This excess is used to infer the
R S sy, | Yield of real direct photons by
My (GeVic) extrapolating to m_, = 0.

PRL 104, 132301 (2010)

- ),Zir(m = 015) o )/Zir(m = 0) — }/dir
y;knc(m > 015) y;knc (m = O) yinc

f(mee) = (1 - I”) ’ fcocktail(mee) +r: fdirect(mee) ; v

15 2/6/13
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Direct Photons In Different Systems

O

I T 1 Cu+Cu:\[s=200GeV
| (a) p+p 1 (b)d+Au 1 (Min Bias) |y|<0.35 1 (c)AurAu *

0.2»_ 1 ﬁﬂoosev, ly|<0.35 __' PHENIX preliminary T ‘
. NLO pQCD 7 Newly Released!

® —pn=10p, 1 arXiv:1208 1234

® - : .

3 0.15- oHE 0.5p, T ]
E TR 2.0pT

£

£ |
B 0.1 7 ]
o

=

1l

T 0.05 . ]

0_

b bbb b s b b b b bl b b b b b b b b b b b Ll
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
p, (GeV/c) p, (GeVic) p, (GeVic) p, (GeVlc)

¢ PHENIX has measured low p; direct photon ratio in various collision systems,
showing clear enhancement in Au+Au and Cu+Cu.

» Essentially no enhancement is observed for p+p and d+Au.
* CNM effect measured in d+Au does not explain the excess in Cu+Cu Au+Au

Sky Rolnick UC Riverside 16 2/6/13




Direct Photon Production in PHENIX

O

Y >ka’irect exp + TAA scaled pp
}/direct = )/incl. . s /
incl.
» For p+p consistent with pQCD
down to py=1GeV/c

& 4 AuAu MB x10*

o ®  AuAu 0-20% x102
2 102

10

AuAu 20-40% x10

» For Au+Au there is a significant
low p; excess above p+p
expectations.

—
°.
|T|'|| |||||m| IIIl|T||'| |V||||m] IIII|'|T|| /IIII|T||| IIII/ITTll IIII|'|T|'| 'IIIIIﬂ'll TTTTIm

» Exponential consistent with ,[Fitto pp
thermal 10 = y(m—egf F I
10.7 L1l 11 L1l | - | | L1 11 Ill1'*—
T,..=221+1954t+19s¥ MeV S T SR

NLO pQCD (W. VogelsangﬁT (Gewc)

A. Adare et al., PRL104,132301(2010)
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perlve llmlts on temperature by . . % 800; ® D. d’Enterria & D. Peressounko
interpreting excess as Thermal Radiation < 700 B s.Rasanenetal.
= C A D.K. Srivastava et al.
—~ 10 600 ® I ¥ S.Turbide et al.
N% = Thermal Photons in Au+Au at\[S,.; = 200 GeV/ - *  F.Liuetal
8 ¢ SIS s &3 [ 2 saman
:3 1I§— S S Ressnenatat: T, =580 Me\./.:u=0.17frrv<.: T 400;— v *
% E “‘\."‘.t‘ ._ ._ D.K. Sr.ivastava.: Tn==450-600 Me\=/. T, =0.2fm/e :_ :{}l
2 R Ss. Turb-ndeemal.. T, =370 MeV, 7, = 0.33 fm/c 300: TAuAu(ﬁt) ~ 2920 MeV
o101 | =M Luetal: T,= 370 Melixg =08 i + LOpQCD -
w = \ o - J. Alam et al.: T, = 300 MeV,t, =0.5 fm/c 200
- ‘-{"-;\f_-\_w, Vogelsang: Prompty NLO pQCD x T, (0-20%) bbb b bbb
- k : 100 T¢ from Lattice QCD ~ 170 MeV
2L =
107E Y PN I SIS I IR IR B
C 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
L T (fm/c)
103 e
- « Fitting excess has slope of T~220MeV
10°E implies initial temperature of 300-600
- MeV depending on model.
10°8 » Thermalization time range from about
-6_llllIIllIIIIIIIIIIIIII;"'ll\i;;nlulllllll O'6t00'15fm/c
107 1 2 3 4 5 6 7
Phys. Rev. C 81, 034911 (2010) Py (GeV/0)
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Direct photons in d+Au

102 (a) Spectra p+p d+Au at {5,,=200 GeV
104 . e virtualy
1 i g o n'tagging
g * statistical subtraction
10" 0\ NLO pQCD
—~ —— u=1.0p,
::0 10‘2 ........ n= 05pT
% - s T
¢ 10
Ke)
£ 10*
3 10°
mb
8 108
107
108
10°¢
r%lll!lll!lll!lll!lll!llIIIIIIIIIIII
255 (b) p+p dataffit
= 2 0 e fit uncertainty
® 158 e
*('u‘ E . ‘-D ............. —r"—ﬂ
o 1: Ik Q??.EUP.DD-D--"D'D"“'TM B B 1
o246 8 10 12 14 16 18 20
P (GeVic)

arXiv:1208.1234
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O

» Direct photons in d+Au

measured via 3 independent

methods:

o virtual photons

O 7o tagging

o statistical subtraction

» The NLO pQCD fit to the p+p

data, scaled by Ncoll,

reproduces well the d+Au data

» No excess of photons.

19
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Direct photons in d+Au and Au+Au

O

2 5[ d+An o virtual . . .
| w2006V o riagaing » Ry, is consistent with
2 I Cronin+lsosgin+8hadowing unlty
< 1 55“ --------- Cronin+lsospin+Shadowing+AE, . N . d A
i » No excess in d-Au
1:--*-.* ITr et o o — m— L3 . e
0 55_ } é%% % % T ) (b. " ¢,.- Yo COIIISIOnS
-VE %}
0_| P (TR TR SN AT ST SN SN T S SN S NN T T N 1 | I T T T PR T T N S W T |
2 4 6 8 10 12 14 16p.|. zgeV?c%
L — » Large excess of y
- u+Au " i | 5 -
10F]  {Sw=200GeV Zt'ﬁ:ZIng ) observed in Au+Au is
- H + ] L[] L]
8| " vitualy (@A not due to initial state
Ea: 1 effects | |
aF » Reinforce interpretation
2F é of the Au+Au excess as
Ol li.a.A.Alﬁ.ﬁlﬁlAIA.Alalal_.é. I .?. ! .?. I .’13. I léTT_ th 1 d. t. n
0 2 4 6 8 10 12 14 16 88 ?(B ermal radiation.
arXiv:1208.1234 P eV/c
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Direct Photons & Collective Flow

O

A nucleus-nucleus collision is typically

not head on.

« Overlapping region forms initial
almond-shape anisotropy.

 Spatial anisotropy — p; anisotropy

» Elliptic Flow :

» To describe the evolution of the shape use a Fourier decomposition, i.e.
flow coefficients v,

» Large azimuthal anisotropies in the particle emission are collective
phenomena.
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Disentangling the sources

O

» Measurements of v2 could give information on specific stages of the

fireball expansion.

Initial collision
Hard scattering of partons v2=0
Pre-thermalized radiation v2="?

Sky Rolnick UC Riverside

QGP

Thermal radiation
Jet Fragmentation
Bremsstrahlung
Jet conversions

22

v2>0

v2>0 |

v2<0

v2<0 |

Hadron Gas
Thermal radiation v2>0

High p; phenomenon.
Reflective of geometry not dynamics.
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Direct photon Elliptic Flow

O

How to determine elliptic flow of
N o
> 0250 direct photons?
= - » Establish R, as fraction of inclusive
Ll S photons over decay photons.
: * Measure v, for inclusive photon
045 yield correcting for hadron
UL contamination.
- ¢ Predict hadron decay photon v,
04 from measured pion v, and ncq
: scaling of other hadrons.
0.05~ * Subtract hadron decay
- contribution from inclusive photon
= v, to arrive at direct photon v,.
. :_ inc. BG
0-05 C Ll I L L.l I Ll L.l I Ll L.l I Ll L.l I Ll L.l I Ll L.l I L L.l I Ll dir R}/vz - V2
1 2 3 4 5 6 7 8 v, =
Phys. Rev. Lett. 109, 122302 (2012) pT [GEVI C] R y = 1
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Direct photon v,

O

025f C ey ) [F =—Rrvg& _lng @ | £ 0
0.2 - a - ?
>N 0.15 ;_ / 3 . Min. Bias E_ 0~20 [%] E_ 3 3 20~40 [%)]
£ ok - s N
ERUN IR L c - T
et AN | g ;‘
of SRR {] ....... S }{{ .........................

-0.05F a

Phys. Rev. Lett. 109, 122302 (2012)

» We observe a significant direct photon signal with significant v,
 Similar to inclusive photon and n° v, at low momentum
* v, drops to zero for pp > 5 GeV, where hard processes dominate

Sky Rolnick UC Riverside 24 2/6/13




Nice Crosscheck: External Conversions!

O

o 1.6 Y= 200 .
2 rronroum s | ® ool comersion HEN peminary - Independent analysis
_2- k - n. Bias * *
'L1 S ey m  virtusl photons, Phys. Rev. Lett. 104, 132301 (2010) e Different systematics
as -
14 « pT range extended down to 0.5 GeV/c
< 11
125_ H A] + + SN 0.3
‘ - . 7 + S E o external conversions (PHENIX
- o 0.25— preliminary)
1.4 = -
g ;!e?hiEl_nh:§ g 0.2 i_ I | o Phys. Rev. Lett. 109, 122302 (2012)
R T N P TR, C ot 4 TE
05 1 15 2 25 35 4 éésv] - | i
photon p, [ 0.1:—Mi3| ¢
o.osi— 1 ¢ ¢ 4 % ? %
R yi"e _ B0 oF !
vdil’. Y 2 2 00sf
Z R _ 1 0 10: L | | | L
)/ 2 4 6 10pT [GeV/(;]]Z
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Thermal Photon Puzzle

0-20IIIIIIIII|IIII|IIII|IIIIJ/?1II ’Y

C Thermal Photons
T AutAu@200 AGeV
b=61m

2

27,
//’/,/

2, %

2
7,
———- 05xHM ’,/’//’ 1.0 fm/c

o
=
lllllllllllllllllll

IIIIIIIIIIIIIIIIIII

0.0 1.0 2.0 20 50 60
Py (Ce\"/c)

R. Chatterjee & D. K. Srivastava, PRC 79, 021901 (2009)
o Very surprising result: large v2 implies late emission whereas high
temperature implies early emission.

o Difficult to reconcile with the current understanding of the evolution.
Theory mostly underpredicts.

o Possibly other sources of low p; photons other than thermal
radiation?
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What does it mean? Compare to theory

O

Chatterjee, Srivastava PRC79, 021901 (2009) H. van Hees, C. Gale, R. Rapp
PHENIX, arXiv:1105.4126 Phys. Rev. C 84, 054906 (2011)
- . .dir. RXN 0.25 . . : :
0.25F Y Vz(q’% Bc) (c) PHENIX dir 7(BBC)  —e—
~ o ity (P PHENIX dir y (RXN) e
=> 0.2 i 2( : ) 0.2 F model (a) _—
- : “ . model (b) -
0.15 ===
g =
0.1+
0.05F ‘
DY S b % W
0.05F 200GeV Au+Au 0-20% ’
:11..1..e,1.l:|.1l{.-.1.°.1.. ] pr (GeV)

0 2 4 6 8 10 12 14
pT(GeV/c)

Thermal radiation dominated by hadronic
phase. Hadronic phase lasts longer and
elliptic flow builds up faster.

Hydrodynamics with a thermalization
at early times followed by
hadronization and decoupling.
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Summary & Conclusions

Electromagnetic radiation has great potential to explore general
properties and early time dynamics of Quark Gluon Plasma.

Looking at dielectron pairs is a nice tool to get a clean direct
photon signal at low py

PHENIX has measured direct photons in various collisional
systems (including baseline p+p, d+Au, Cu+Cu, and Au+Au)

No significant enhancement in the baseline systems p+p and d
+Au, but significant enhancement in A+A

Large elliptic flow observed for direct photons which remains a
bit of a mystery.

Theorist are working on reconciling these measurements.
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Dielectrons in PHENIX

O

Typically only 1 electron from a pair
falls within the PHENIX acceptance.

Both members of the pair are needed
to reconstruct a Dalitz decay or ay
conversion.

Limited geometrical acceptance of
present PHENIX configuration.

Experimental challenge: huge
combinatorial background arising
mm from e*e” pairs from copiously
PHENIX /035 180° upto115T produce{d from x° Dalitz decay and y
Central Arms conversions.

Beam View East

Inner and outer magnet coils producing
field-free region for r < 55 cm




HBD Performance

O
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Double electron charge peaks at ~40 pe
e+e- small opening angle (<30 mrad)
— Dalitz or conversion candidate

Single electron charge peaks at 20 pe
e+e- large opening angle (>100 mrad)
— Vector mesons or other signal

Good single to double separation




Cocktail

Hadronic cocktail is estimated using
measured data from n° and charged pions
fit to a modified Hagedorn function. m
scaling is used for shape of other hadrons.
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PRC 81, 034911 (2010)




MC@NLO

O

1.15 < m,, < 2.80 GeV/c?

— 107

w
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— >
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Negligible difference in total cocktail when using PYTHIA vs MC@NLO for
open heavy flavor.

MC@NLO reproduces the measured pT distributions of e+e- pairs as opposed
to PYTHIA.




Cocktail Comparison

O
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10° + field

’-.:L: 104
ﬁ 10

Reconstructed
EXODUS

E
II| IIII|'|T|'| IIIIIIII| IIII|'|T|'| IIIIIIII| IIII|'|T|'|_|_|'

10-11 , ‘n =

§ 6 [
1012 ﬂ % 107
107" ﬁq m%' ?Q 107 &
1071 # %ﬁ 10-8:E
o ﬁﬂ” oF

IIIIIlIIIlIIIIlIIIIlIII|||||| 10EIIIIIIII|IIIIIII\Illllllllllllllllllll
05 1 15 2 25 3 35 4 0 0.5 1 15 2 2.5 3

35 4
m...-(GeV/c9)

The J/Psi mass is modified to account for detector resolution and radiative
corrections. The final cocktail is modified to use the +- field configuration for
PHENIX in Run 9.




Cocktail Comparison

O
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The dielectron mass spectrum obtained from this analysis compared to the
previously published PHENIX Runj p+p analysis.




Background Subtraction

O

Mass of the pair vs. pair-p_vs. phi Xy projection Mass of the pair vs. pair-p_vs. phi, xy projection
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» Like sign subtraction technique is used to remove
combinatorial background and correlated background.




Au+Au analysis Details

O)

Two independent analysis streams: provide crucial consistency check
In both analyses, the combinatorial background is subtracted using mixed events.

HBD: underlying event HBD: underlying event subtraction
subtraction using average charge using average charge in track

per pad projection neighborhood

Neural network for eid and for Standard 1D eid cuts and single/
single/double electron separation double electron separation
Correlated background (cross Correlated background subtracted
pairs and jets) subtracted using using MC for the cross pairs and jet
acceptance corrected like-sign pairs.

spectra

Results for stream A will be compared to cocktail: 60-92%, 40-60%, 20-40%
Results for stream B are used as a cross check.
Strong run QA and strong fiducial cuts in both analysis streams




Steps in Analysis

Eh — Step in eID

12000 T T
I —CNT .
o - |—&we Track reconstruction
10000 -_ ........... ........................ ‘ ,; .............. ....... _ HBD pI'O].
. ‘ D s Electron selection cut
8000 ’
3 HBD match . .
o — NNelD HBD projection cut
6000 .‘ .............. : H
- HBD strut cut
4000-_. ..............
o ] pT > 0.2 GeV/c
2000-_. .............. - .
o : T HBD matching
O i i i 1 H i N P
. . . . 1 12 14 16 18 _ 2
0 02 04060 E/p Neural network eID

The E/p distribution for each step of the NN input variables: E/p, prob, no,
analysis. chi2/npeo, disp, hbdid, hbdsize




HBD double Hit Rejection

O

HBD charge (2 pads) Smgles vs doubles (2 pads)
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Simulated single and double charge Efficiency and rejection for
response for clusters containing 2 centrality 70-80%.
pads.




Neural Network Details

TMultiLayerPerceptron

!

lI E §§

demes

0 02 04 06 08 1

Signal
Background

Neural Net output for signal
(red) and background (blue) for
the givien input variables for
centrality 30-40% and
HBDSIZE=2.




Background Subtraction

O

Relative Acceptance Correction Mass Projections

P, [GeV/c]

S=FG12—a- FG1122

S =FG12 — BG12

£ s — - FG1122
5 BG1122

o FG1122 = FG11 + FG22.

.......
uuuuuuuuuuuu

» Assuming that the likesign spectra contain no correlated pairs,
the normalization is quite simple.

» However, the assumption of no correlated pairs in the same
event likesign distributions is wrong!

» There are indeed correlations that need to be excluded when
taking the ratio of (same event)/(mixed event) in the likesign.
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52

« Two types of background pairs.

Combinatorial background pairs.
(mixed event)

Correlated background pair i.e. mo—e
*e'y—eteete” or m—yy—eteete, also
cross pairs and jet pairs. (acceptance
corrected like-sign subtraction)

Background Subtraction

O

4 45 s
Mee [GeV/c2?]

Signal = FG — CombinatorialBG — CorrelatedBG

CorrelatedBG = a x \/(FGI 1-N,, xBGI1)(FG22-N,, x BG22)

BG12(m,p;)
a(m,p,)=
JBG11(m.p, ) BG22(m.p, )

S =FGI12 - N,, x BG12 - CorrelatedUnlike




Background Subtraction Issues

The calculation is performed differentially in mass
and pT thereby significantly reducing the statistics in
any given bin.

The S/B is lowest around in this region.

The like-sign spectrum suffers from a reduction in
statistical precision in this region due to the PHENIX
two-arm acceptance.

The relative acceptance correction (a) and it’s
associated systematic uncertainty are largest in the
region mass~0.5GeV/c? and pT~0.5GeV/c.
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The HBD analysis in Au+Au:
matching of tracks to the HBD

O

0.35}

Monitoring the efficiency and

1/R

Centrality:

the rejection: 010%
— 30-40%
— 60-70%

0.3

» Efficiency studied using MC 50
electrons from ¢-> e*e 02f
embedded in Au+Au data 015

0.1F

» Rejection of mis-identified
hadrons and random - .
. . 8.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
matching determined from Efficiency
the data

0.05}

 Very high rejection achieved while keeping a high
efficiency even in the most central events




Performance in
Au+Au collisions

O

» The SB reconstruction subtracts local background based
on triplets around track projections.
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Consistency between streams A and B

O
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Direct Photon Elliptic Flow

O

» PHENIX has measured the elliptic flow of direct
photons using a combination of techniques.

R inc. _ BG
. W2 TV
v, = 1

R}, —

* R is the fraction of direct photon, y™el/yhadron
* v,BY is the v, of photons from hadron decays
* v, is the measured v, of all photons
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Rv Via Real and Virtual Photons

inclusive
RN
14 BG
N}’
_______ 1 inc. BG
dir. _ RV, —v,
Y
LNy

Measure through a double ratio

Nincl(p )
» €y(pT)f(pT)' ;:"mg !
= ymc (pT) = Ny (pT) Data
"™ (py) N (p,)
N;[ (pr) Sim

Tag photons as coming from 7°
decays. Other decays accounted for
with a cocktail

Sky Rolnick UC Riverside

O

g __F
n’}_ 3,50 real photon
Z 3:_- virtual photon
L 25
< -
n 2
e  f
1.5
15_ ..... 0 [ PSPPSR
: d
0'5-_1...1...1...1...1...1...1..(.2.
0 2 4 6 8 10 12 14
PHENIX, arXiv:1105.412 P- [GeV/c]

An excess of direct photons above the inclusive
sample quantified as a ratio of inclusive to
hadronic decay photons.
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Inclusive photon v,

O

R inc. BG Yinc. \'

WVo 1= Vs

dir. _
V, = = E.PRN (I)=1.0~2.8)

e E.P"P¢(In=3.1~3.9)

R, -1

» PID consists of
o Shower shape cut
o Charged track veto with PC

» Hadron contamination below 6 GeV

o up to 20% below 2 GeV deposited energy
o Correct for this with GEANT sim

e Photons measured in the EMCal _

‘U;,/,meas . (A,Thadr /Armeas)leladr

S .obs

2 o { adr / \/ meas
1 — Nhadr /[y P, [GeVIc]
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Hadron Decay Photon v,

O

* We only measure 7’ v,

inc. BG

dir.
o about 80% of BG v,
* Assume v, of other hadrons R)/ -1
from KE; scaling
* v, modulation put into cocktail Phys. Rev. Lett. 109, 122302 (2012
* cocktail gives the total BG v, 0255 ¢ n0v, (@5 (@)
from decay photons CREY S aa Ao
................ S g :
-I(a) o4 (PHENI)I() |<I}:p+B_(PIHENIX) I I (b) o= 0.15 -
01  Phys .mq;gﬁu%gggggg&;ow § og-,: 01E e 5
i ﬁ&} | ?ﬁ'#"ﬁ\ % 0.055—
c hd C
=08 ‘é 1 | 1 (1] =
:. -0.05 - Min. Bias
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What does it mean? Compare to theory (I)

» Flow takes time to develop

0.25F o yAr v, (05N (c) o QGP photons have small v,
> 0 : o ydit v, (©7°°) o Hadron gas thermal
5 F A . photons have large v,

015 N . » Does not account for data

01f | » Is there something wrong

: with this picture?
0.05 /
0 :_' ......................

0.05 3 20%

200GeV Au+Au 0-
of NP PR T T | |

0 2 4 6 8 10 12 14

Mocel:Chatterjes, Srivastava PRC79, 021901 (2008)

Data:PHENIX, arXiv:1105 4126 o (GeV/c)




Theory Comparison (II)

""""""" H.van Hees, C. Gale, R.-Rapp
Phys. Rev. C 84, 054906 (2011)

- v v . r 0.25 — - y v
101 0-20% Au-Au, [y|<0.35 hadron gas ——— PHENIX dir ¥ (BBC) ——
1070 F\ QGP —-— 1 PHENIX dir y(RXN) —
ST S primordial - - - - 0.2 F model (a) .
s ] r/ . ] model (b) -
§ 107 ¢ 1 0.15 }
,.._,: 102 1 1 =
z 107} 1 0.1}
z 10° r 1
A 0.05 }
107 F 1
-6 =
10 0 : : - I
0 1 2 3 4 5 0 | 2 3 4 5
p'r (GCV) pT (Ge\’!)

» Important features/differences from hydrodynamic expansion
o Hadronic phase includes meson-chemical potentials
o Hadronic phase lasts longer (smaller T;, and larger T,;)
o Elliptic flow builds up faster

» Thermal radiation dominated by hadronic phase.
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Theory Comparison (1IT)
0.5 1
" 3035 % most central * Nothing about photon
L Au+Au@200 GeV ermal only....- production included in model
0.4~  upper curve: P o Assume thermal shape and
[ mg=0.1GeV _~Tower curve: normalize to data
3L Hadrons m,=0.3 GeV o Describes effect of Doppler
< | PHENIX shift
0'2”_ PRLSS, *
- 162301
i thermal PR T
- +pr0mpt d\ / d‘wg = eIpl—wy/ T)
0.1
: Y u‘:u‘;ﬂvl—y‘jz
r 1 — Bcost’
= dN/dE = L2 2r00%0 (B = Srcosh)
Eroa g v e v sl v a sl v b v sl o aa e ' \'1_32 ' Tvl_d.? '
0 05 1 1.5 2 25 3 35 4 |
E, GeV
V. Pantuev, arXiv:1105.4033v1 ¢ Cylindrical expanding fireball
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Systematic error of direct photon v,

O

TABLE I: Representative values of systematic uncertainties
contributing to the direct photon v2 measurement, shown for
various pr ranges for minimum bias collisions

Source 1-3GeV/c 10-16GeV /c Type
inclusive v va
remaining hadrons 2.2% N/A A
vo extraction method 0.4% 0.6% B
70 vy
particle ID 3.7% 6.0% A
normalization 0.4% 7.2% A
shower merging direct ~y N/A 4.0% B
R, 3.1% 22% A
common reaction plane 6.3% 6.3% C

PHENIX, arXiv:1105.4126




